INTRODUCTION
============

If a process for dissociating stable diatomic nitrogen molecules (N~2~) into relatively inert organic substances was available, it could replace the use of traditional reactive nitrogen compounds as a nitrogen source and lead to a notable reduction in reactive nitrogen pollution ([@R1], [@R2]). However, present state-of-the-art techniques and even enzyme nitrogenase are still unable to practically realize this concept. The underlying reasons are the strong dissociation energy (941 kJ mol^−1^), high first ionization energy (1503 kJ mol^−1^), and short N≡N triple bond (1.098 Å) of the N~2~ molecule, which make it stably inert, and pose important challenges to synthesis ([@R2]--[@R6]). According to the Brønsted-Evans-Polanyi relation, the high activation energy of N~2~ dissociation means that nitrogen atoms require a stronger binding energy (\|Δ*E*\|) on the surface of a transition metal ([@R7], [@R8]). However, the strong binding energy inevitably results in a higher desorption energy in terms of scaling relations ([@R7]--[@R9]). As a result, N~2~ dissociation usually requires very harsh conditions. For example, when Fe is used as a catalyst, the Fe─N bonding is so strong that a reconstructed "surface nitride" is formed ([@R10]--[@R12]). Accordingly, a temperature of a few hundreds of degrees Celsius is usually required for the desorption of N atoms adsorbed on the surface of Fe ([@R2], [@R10], [@R13]--[@R15]).

Breaking the scaling relations has become an attractive approach for overcoming such harsh conditions. Frequently used methods use an external stimulus, such as an electric arc ([@R2]) or plasma ([@R16], [@R17]), which can change the vibrational energy of N~2~. However, those methods do not change the catalyst itself, and the doping level of N is as low as 1% ([@R2], [@R16], [@R17]). Another well-studied way to break the scaling law involves strain engineering ([@R18]--[@R24]). According to *d*-band theory, strain can change the *d*-band center, which subsequently influences the activity of the catalyst ([@R25]). Recently, Peterson and colleagues showed how strain breaks this constraint using a mechanics-based eigenstress model to theoretically characterize the effect of strain on adsorbate-catalyst bonding ([@R18]).

Here, we demonstrate that N~2~ can be easily dissociated under mild conditions via cyclic strain engineering. N~2~ is first dissociatively adsorbed onto the activated surface of Fe balls \[hardened steel with 99 weight % (wt %) Fe\], to form adsorbed nitrogen atoms (N\*), which are then desorbed by compressive strain due to drastic collisions by ball milling. The dissociated N\* can then directly react with other active species, forming relatively inert organic substances, without having to resort to reactive nitrogen compounds as the N source. In this study, we used graphite as receptor to accommodate the N\* atoms. The nitrogenation, unzipping, and delamination of the graphite simultaneously proceed, forming N-doped graphitic nanoplatelets (GNPs). The concept of cyclic strain engineering can also be extended to other reactions and used to mitigate harsh reaction conditions.

RESULTS AND DISCUSSION
======================

We determined that direct nitrogenation of GNP can be accomplished under mild conditions via N~2~ dissociation, using mechanochemical methods. The successful nitrogenation of the GNP was verified by a series of characterizations (fig. S1 and table S1). The kinetics of nitrogenation at the free edge sites of GNP were first studied in this work.

Examining the N content as a function of reaction time, we found that the rate of increase in N exponentially decayed and saturated with longer reaction times ([Fig. 1A](#F1){ref-type="fig"} and figs. S2 and S3). When the ball milling time is 3 hours, the calculated fixation yield is 272.3 and 459.7 μg cm^−2^ hour^−1^ for Φ 3 mm and Φ 5 mm Fe balls, respectively. Here, N content was determined using the most reliable method, elemental analysis. We did not directly use the consumed volume of N~2~ (*V*~consumed~) to determine content, because, in addition to chemically fixed N~2~ (*V*~chem~), a small amount of N~2~ was physically adsorbed (*V*~phys~) owing to the increase in surface area during unzipping and delamination of graphite. Namely, *V*~consumed~ is equal to *V*~phys~ plus *V*~chem~. However, the *V*~consumed~ was a sufficient metric for comparing samples, which were prepared under the same ball-milling conditions.

![The reactivity of N~2~ dissociation.\
(**A**) Nitrogen content in the as-prepared nitrogenated GNP as a function of time. (**B**) The corresponding Avrami equation of reaction kinetics. *C* is the concentration of N, and *C*~L~ the limiting concentration of N. (**C**) The nitrogen consumption (*V*~consumed~) as a function of different charging pressures. (**D**) The poisoning experiments. Triethanolamine (TEA), glass powder, KCl, and Na~2~S were separately added as interference. (**E**) The self-nitrogenating phenomenon of the Fe ball is characterized by the N^+^ content on the surface of the Fe balls. The N^+^ content was determined by time-of-flight secondary ion mass spectrometry. ppm, parts per million.](aax8275-F1){#F1}

We also noticed that there was an initial activation process: the N content was not zero at reaction time 0 hours after extrapolation. When larger Fe balls were used to provide higher kinetic energy, this period of initial activation was shortened. The existence of an activation process implies that the mechanism of N~2~ dissociation is not a direct cleavage reaction, because direct cleavage does not require an incubation period. This was further proved by analyzing the data with the Avrami equation, which is a typical kinetic equation that needs an activation process ([@R26]). The well-matched linear relation verified that the N fixation in the present experiments followed the Avrami equation ([Fig. 1B](#F1){ref-type="fig"}). The fixed N content is linearly dependent on the rotation speed (fig. S4A).

Next, we studied the role of graphite loading on the N~2~ dissociation. The normalized *V*~consumed~ showed that N~2~ dissociation increased as graphite loading decreased (fig. S4B). Worn-off Fe nanoparticle debris in the GNP increased as well (fig. S4B). The results indicate that the enhanced N~2~ consumption was due to an increase in normalized Fe sites, which generate more N\*.

Then, the effect of N~2~ pressure on the reaction was studied. The results showed that N~2~ pressure had little influence on the reaction ([Fig. 1C](#F1){ref-type="fig"}). The finding further indicates that the N atoms fixed in the GNP are not involved in direct N~2~ cleavage at the free edge sites of the cracked GNP. The critical reaction pressure was determined by the lowest remnant pressure in the container. While the charged pressure was 3.0 bar, the remnant gas in the container was less than 1 bar. This means that the critical reaction pressure may be less than 1 bar. To rule out interference from the physically adsorbed N~2~ (*V*~phys~), we designed an elaborate experiment. The graphite was first pretreated by ball milling for 6 hours in N~2~ (8.0 bar) to provide the same surface area. Then, we checked the critical reaction pressure twice again, which was further verified to be less than 1 bar (fig. S4, C and D). The lower critical pressure means the higher fixation efficiency in our method. For example, when the initial pressure is 8 bar, the maximum fixation efficiency can reach up to 90%.

We also studied the influence of the temperature in the reaction container. The temperature in the container was controlled by programming the milling time. Our experiments demonstrated that short milling time and long cooling time (where maximum temperature in the container reached 40°C) resulted in nearly the same N content as long milling time and short cooling time (75°C, fig. S4E). The results indicate that the reaction can proceed at near-ambient temperature without any direct relation to the container temperature. The possible reason is that the local temperature during collisions dominantly affects the N~2~ dissociation (vide infra).

As a comparison experiment, ZrO~2~ balls were used instead of Fe balls. The amount of fixed nitrogen in GNP reached approximately 50% at equivalent conditions (fig. S5A). Since the oxinitride was formed during the ball-milling process (fig. S5B), the ZrO~2~ balls can also have catalytic activity to some extent. In addition, the collision-induced local temperature should be distinctively different between Fe and ZrO~2~ balls because the Fe balls are elastic and their elastic deformation could absorb the kinetic energy to a great extent. On the contrary, the ZrO~2~ balls are inelastic. Thus, the local temperature generated by ZrO~2~ balls should be much higher than that by Fe balls, because of the smaller contact area and the less contact time. Furthermore, the cleavage efficiency of graphite by ZrO~2~ balls is the higher owing to the smaller surface energy. If the dissociation of N~2~ follows the direct dissociation mechanism, the N content of the GNP prepared by ZrO~2~ balls should be higher than that by Fe balls. It is simply because ZrO~2~ balls generate the higher local temperature and the more active sites on GNP to accommodate N\*. However, the result does not follow this hypothesis, suggesting that the experiment with the ZrO~2~ balls is not an effective comparison. A convincing mechanism study should be done by means of other methods.

A series of poisoning experiments were also conducted to study the reaction mechanism. Small amounts of triethanolamine (TEA), glass powders, potassium chloride (KCl), and sodium sulfide (Na~2~S) were individually added to sample mixtures before ball milling ([Fig. 1D](#F1){ref-type="fig"} and fig. S6). The TEA and glass powders had nearly no influence on N~2~ dissociation. However, KCl and Na~2~S severely poisoned the N~2~ dissociation. Cl and S are notoriously known to poison active Fe sites ([@R2], [@R11]). The poisoning experiments clarified that the activated Fe sites on the balls play a pivotal role in the N~2~ dissociation.

A self-nitrogenating protection phenomenon also occurred during ball milling (fig. S7). The surface strength of the Fe balls against friction was improved under certain conditions, as estimated by the amount of worn-off Fe debris in the GNP. For example, the Fe content of GNP in argon (Ar) was 2.6 times higher than that in N~2~ under the same ball-milling conditions (10 hours, Φ 5-mm Fe balls) (fig. S7). It is known that dissolved N atoms on the surface of Fe can mitigate abrasion, due to solid solution hardening, and also strengthen the antioxidation property ([@R27]). The N concentration on the surface of the Fe balls had a direct influence on the self-nitrogenating phenomenon. However, when we characterized the N concentration on the surface of the Fe balls, we encountered a problem, in that the N data overlapped that of remnant carbon species. To separate the two different kinds of N, we used a sensitive time-of-flight secondary ion mass spectrometry (TOF-SIMS) technique. The TOF-SIMS results showed that the N^+^ on the Fe balls after ball milling in N~2~ was 6.1 times higher than that on the original Fe balls ([Fig. 1E](#F1){ref-type="fig"}). The increased nitrogen content on the surface of the Fe balls helps explain the N~2~ dissociation mechanism.

To study the underlying mechanism and rule out the interference of carbon species, a transfer experiment was designed. Briefly, we first used Fe powders to dissociatively adsorb nitrogen \[Fe(N\*)\]. Then, the adsorbed N\* was transferred to the GNP by ball milling the N ultrasaturated Fe(N\*) together with graphite (denoted as Fe + GNP). As shown in [Fig. 2A](#F2){ref-type="fig"}, the x-ray powder diffraction (XRD) patterns show that the Fe(N\*) shifts to low angle relative to the Fe + GNP mixture and pure Fe (JSPDF: 06-0696). The result indicates that the lattice constant is enlarged by the interstitial N atoms in octahedral holes ([@R28]). The Fe (110) facet of Fe + GNP has the same angle as pure Fe, which confirms that the Fe(N\*) has successfully desorbed the N\*.

![The transfer experiments.\
(**A**) XRD patterns of the nitrogenated Fe \[Fe(N\*)\] and its mixture with GNP (Fe + GNP). (**B**) The radial distribution function, determined by EXAFS. (**C**) Mossbauer spectroscopy results. (**D**) The transfer process of N from nitride Fe─N to organic C─N, recorded by high-resolution observation of N 1s. a.u., arbitrary units.](aax8275-F2){#F2}

The XPS determined that the surface concentration of N was 18.8 atomic % (at %) relative to Fe, and the bulk concentration of N was calculated to be 3.5 at % ([@R28]), based on the shift in the XRD patterns (see Supplementary Text). The result demonstrates that the N\* atoms are ultrasaturated in the Fe powders in comparison with the thermal-equilibrium bulk concentration of 2.05 × 10^−6^ ([@R15]).

The radial distribution functions ([Fig. 2B](#F2){ref-type="fig"}), which were derived from the extended x-ray absorption fine structure (EXAFS) measurements, agreed well with the XRD results obtained by directly monitoring the Fe─Fe and Fe─N bonds ([@R29]). Some Fe─C bonds were found in the Fe + GNP mixtures, which correspond to the minor peaks in XRD patterns.

The Mossbauer spectroscopy results ([Fig. 2C](#F2){ref-type="fig"}) demonstrated that N atoms were present as nitrides (Fe~4~N) in Fe(N\*) ([@R29]--[@R32]). The Fe~4~N disappeared in the Fe + GNP, and the carbide Fe~7~C~3~ was formed ([@R30], [@R33]). The transfer process of N\* was also explicitly recorded by the chemical environment of N 1s ([Fig. 2D](#F2){ref-type="fig"}). N was successfully transferred from the nitride Fe─N bond to the organic C─N bond (fig. S8). Some oxynitrides were formed because of oxidation after exposure to air.

Intuitively, the dissociation of N≡N triple bond is very difficult, because of its high dissociation energy. However, the reaction over a catalyst can avoid this problem, since the energy gain associated with the formation of Fe─N bonds overcompensates the dissociation energy. The dissociative adsorption of N~2~ has actually become exothermic ([@R2]). The maximum energy barrier to form Fe(N\*) is only about 0.1 eV ([@R12]). At low temperature, since the vibrational entropy is very small, the desorption of N\* dominates the reaction more than the formation of Fe(N\*) due to the strong Fe─N bonds (1.5 eV).

Now, considering the low container temperature (40°C), the question arises as to how the reaction proceeds. According to the hotspot theory ([@R26]), collision processes of 10^−4^ to 10^−3^ s can produce local surface temperatures of higher than 700°C per square micrometer. However, since graphite is a good solid lubricant and Fe balls are elastic, the local temperature can be largely discounted. At low temperature, the local temperature can only partially drive the N\* out of the Fe(N\*). Nevertheless, the increased local temperature is beneficial, by accelerating the N\* dissociation kinetics.

A clue to unravel the underlying mechanism can be found in the phenomenon of forging, which is a technique of repeatedly peening a steel piece to reduce impurities. We considered the impact of compressive strain on the binding energy. Because such collisions happen in a very short time frame, the lattice does not have enough time to fully relax. To describe this partially relaxed phenomenon, we calculated the two extreme cases, relaxed and unrelaxed.

Density functional theory (DFT) calculations were used to determine the functions between the applied strain and the energy of the N atom on the Fe substrates, as illustrated in [Fig. 3](#F3){ref-type="fig"}. The formation/adsorption energy increased as the strain increased for both the bulk and surface models. The formation energy was nearly zero, when the applied strain was free in the bulk model ([Fig. 3A](#F3){ref-type="fig"}). This means that the structure is stable, because the N atoms can raise the entropy of pure Fe. However, when the applied strain was increased, N atoms were easily segregated from the bulk, owing to the high positive formation energy.

![Theoretical analysis of the formation and adsorption energy as a function of applied strain.\
(**A**) The Fe bulk model. (**B**) The Fe (110) surface model. The relaxed model is fully relaxed. The unrelaxed model adopts the same Poisson's responses as those in the relaxed model except that the atom positions were not relaxed. A lower energy value (Δ*E*) corresponds to stronger adsorption of N atoms on the Fe substrate. A higher Δ*E* value indicates easier segregation of nitrogen atoms from the corresponding Fe system.](aax8275-F3){#F3}

The surface model case was distinctive, because its adsorption energy was negative ([Fig. 3B](#F3){ref-type="fig"}). This means that N\* can be stably adsorbed on the Fe(110) surface. When the applied strain was zero for the surface model, adsorption was very strong (about −1.5 eV), and thus the N\* was irreversibly adsorbed onto the Fe surface, and even Fe nitrides were formed. When a strain of 10% was applied, the adsorption energy exponentially receded to −0.1 eV in the unrelaxed surface model. The N\* can easily desorb from the Fe surface because of this weakened adsorption energy.

Now, the whole underlying mechanism can be interpreted using a cyclic strain engineering model ([Fig. 4](#F4){ref-type="fig"}). First, mechanical energy is transformed into elastic energy in the lattice defects, and into structural disordering, or it can be released by plastic transformation by the rearrangement of the crystallographic lattice ([@R27], [@R34]). The repeated collisions transform the passivated surface of the Fe balls into activated surfaces. This explains why the reaction needs an initial activation period and why bigger Fe balls, with higher kinetic energy per ball, reduce the activation time. The activated surface with a high number of defects facilitates the dissociation of N~2~ ([@R35]) and speeds up the diffusion of N atoms ([@R27]). Then, as the compressive strain reduces the adsorption energy, the adsorbed nitrogen atoms are desorbed. Last, the vacated Fe sites, which, in the strain-free stage, have higher adsorption energy, quickly adsorb new N\* once again via N~2~ dissociation. N~2~ is dissociatively adsorbed in the strain-free stage, and the N\* is desorbed in the compressive strain stage. Cyclic strain is formed and successively provides dissociated N\* atoms.

![N~2~ dissociation via cyclic strain engineering.\
The repeated collisions of the Fe balls result in the activation of the surface. The originally flat and passivated surfaces are converted into nanocrystalline structures with highly active sites. N~2~ dissociation occurs on the Fe atoms of the activated surface. The shock of compression reduces the N\* adsorption energy, and the N\* atoms are detached from the surface. The vacant sites on the activated surface will adsorb new N\* atoms at the strain-free stage, and the cyclic strain process will repeat until the collisions stop.](aax8275-F4){#F4}

The desorbed N\* atoms react with the free edge sites of the GNP to form N-doped carbon materials. While the mechanism for N\* fixation at the edges of GNP is not the focus of this work, here, we briefly introduce the N\* fixation process at the edge sites. The desorbed N\*, or following combination with unbonded C\* to form C≡N and C~3~N radicals, reacts with the reactive dangling edge sites ([@R36]). This method can be easily extended to other carbon materials, such as carbon black (CB; fig. S9). These kinds of N-doped carbon materials have received considerable attention in the research community, due to their wide applications in catalysis, including oxygen reduction reactions and dehydrogenation reactions, and in substrates for other catalysts.

MATERIALS AND METHODS
=====================

The influence of milling time
-----------------------------

The nitrogenation of GNP was realized by a mechanochemical ball-milling method. The typical experiment was conducted on a planetary ball-milling machine (Pulverisette 6, Fritsch GmbH) at a rotation speed of 500 rpm. In brief, graphite (15 g, 100 mesh, 99.9995%, Alfa Aesar, product number: 14735) and Fe balls (hardened steel with 99 wt % Fe, 500 g, Φ = 3 mm or Φ = 5 mm) were loaded in a ball-mill container (250 ml). Before ball milling, air in the container was first evacuated by a vacuum pump, and then the container was purged with N~2~ at least four times to remove residual air. Last, the container was charged with N~2~ gas (UHP, 99.999%, N50, KOSEM, Korea). The total milling times were ^1^/~3~, 1, 2, 3, 6, 10, 20, and 30 hours. For the cases with milling times of 20 and 30 hours, N~2~ charging was conducted two and three times, respectively, after every 10 hours of milling to supply enough N~2~. During ball milling, rotation is stopped for 10 min per 1 hour of milling to release the heat induced by mechanical friction. Safety note: Samples with longer ball-milling times, greater than 10 hours with Φ 5-mm Fe balls, require special attention when collecting GNP, because of violent sparking caused by oxidation after exposure to air. We recommend using aluminum foil to collect the GNP.

The poisoning experiments
-------------------------

The purpose of the poisoning experiments was to investigate the reaction mechanism. TEA (150 μl, GC ≥ 99.0%, Sigma-Aldrich, product number: 33729), glass powders (0.3 g, Thomas Scientific), potassium chloride (KCl, 0.3 g; ACS, 99.0 to 100.0%; Alfa Aesar, product number: 11595), and anhydrous sodium sulfide (Na~2~S, 0.3 g, Sigma-Aldrich, product number: 407410) were separately added into the container together with graphite (15 g). The graphite was then ball-milled with Fe balls (Φ = 5 mm) in N~2~ (8 bar) at a rotation speed of 500 rpm for 3 hours. Last, the remnant gas was collected by water displacement method to calculate the consumed N~2~ gas. Safety note: After the addition of KCl or Na~2~S, caution should be exercised when collecting samples due to violent sparking by oxidation after exposure to air. We recommend using aluminum foil to collect GNP.

The influence of rotation speed
-------------------------------

The selected rotation speeds were 500, 400, 300, and 200 rpm, respectively. The graphite was ball-milled with Fe balls (Φ = 3 mm) in N~2~ (8 bar) for 6 hours.

The influence of graphite loading
---------------------------------

The selected loading amounts of graphite were 5, 10, 15, and 20 g. The graphite was ball-milled with Fe balls (Φ = 5 mm) in N~2~ (8 bar) at a rotation speed of 500 rpm for 3 hours.

The effect of reaction pressure and critical reaction pressure
--------------------------------------------------------------

The N~2~ charging pressures were 8.1, 7.0, 6.2, 5.5, 4.0, and 3.0 bar. The charged N~2~ pressure was measured by a pressure gauge (MODEL 801, the Harris Calorific Co., USA). It should be noted that the true pressure in the container is equal to the charged pressure plus 1 bar. The nitrogenation method was ball milling graphite with Fe balls (Φ = 5 mm) in N~2~ (8 bar) at a rotation speed of 500 rpm for 3 hours.

The critical reaction pressure was thought to be the smallest remnant pressure in the container. The amount of physically adsorbed N~2~ (*V*~phys~) was first ruled out. The graphite was first pretreated by milling for 6 hours in N~2~ (8.0 bar) to produce an equivalent surface area for each GNP. Then, the container was filled with N~2~ gas (approximately 2.0 bar), and milling was conducted for 3 hours. We checked two times separately, and the results agreed well with each other. It should be pointed out that the volume of N~2~ gas measured by water displacement does not reflect the void in the container.

The influence of container temperature
--------------------------------------

The temperature of the container was controlled by cooling time. The cooling time was 30 min for every 10 min of ball milling. The nitrogenation method was ball milling of graphite with Fe balls (Φ = 5 mm) in N~2~ (8 bar) at a rotation speed of 500 rpm for 3 hours.

Ball milling with ZrO~2~ balls
------------------------------

The graphite was ball-milled with ZrO~2~ balls (Φ = 3 mm) at a rotation speed of 353 rpm in N~2~ (8 bar) for 180,000 cycles.

The extension to other carbon materials
---------------------------------------

CB was also tested as a N acceptor. The nitrogenation CB was carried out by ball milling CB (10 g, acetylene, 100% compressed, 99.9+%, Alfa Aesar, product number: 45527) with Fe balls (Φ = 5 mm) in N~2~ (8 bar) at a rotation speed of 500 rpm for 30 hours. The N~2~ gas was recharged every 10 hours.

The transfer experiments
------------------------

Fe nitrogenation \[Fe(N\*)\] was conducted by ball milling Fe powder (69.83 g, fine powder, ≥99%, Sigma-Aldrich, product number: 44890) with Fe balls (Φ = 5 mm) in N~2~ (8 bar) at a rotation speed of 500 rpm for 100 hours. The N~2~ gas was recharged after every 20 hours of milling. The cooling time was 30 min after ball milling for every 10 min to avoid raising the temperature in the container too high.

Then, the as-prepared Fe(N\*) was taken out in an argon-filled glove box to avoid any oxidation. Fe(N\*) (60 g) was milled together with 5 g of graphite for 10 hours at a rotation speed of 500 rpm in Ar gas (1 bar, UHP, 99.999%, N50, KOSEM Corp., Korea). This as-prepared mixture was designated Fe + GNP.

Last, the Fe in the mixture was leached out using 20% aqueous HCl (ACS reagent, 37%, Sigma-Aldrich, product number: 320331) for 24 hours. After rinsing with distilled water, the GNP was freeze-dried at −120°C for easy transfer.

Computational methods
---------------------

DFT calculations were performed with the CASTEP module ([@R37]) in the Materials Studio package using on-the-fly--generated ultrasoft pseudopotentials. The GGA-PW91 function ([@R12], [@R38]) with a cutoff energy of 400 eV was used and the Monkhorst-Pack *k*-point separation was about 0.04 Å^−1^. Geometries were relaxed until the maximum forces were below 0.03 eV Å^−1^.

The optimized lattice parameter of the Fe unit cell was 2.831 Å, agreeing well with the experimental value of 2.867 Å. The effect of strain on the segregation of nitrogen atoms for bulk Fe─N alloy was calculated with a 3 by 3 by 3 supercell of bulk Fe, where only the elastic regime was considered. A series of uniaxial compressive strains were applied to the bulk Fe by modifying the lattice parameter in the *z* direction, while the supercell in other directions was fully relaxed. The fully relaxed model was labeled the relaxed bulk model. The unrelaxed bulk model adopted the same Poisson's responses as the relaxed bulk model except that the atom positions were not relaxed. Namely, the unrelaxed model was obtained by linearly compressing/stretching the strain-free model to the lattice of the relaxed bulk model.

For the surface model, we selected the Fe (110) facet as the study surface, although the (110) facets were reported to be the most inactive surface ([@R10], [@R39]). This is because (110) has the largest quantity of facets and the lowest surface energy facets in the body center cubic structure of Fe. Here, we built a 2 by 3 rectangular slab of the (110) surface with a thickness of three atomic layers. The bottom layer was fixed, and a vacuum layer of 15 Å was added in the *z* direction to avoid interactions between periodic slabs. We also applied uniaxial compressive strain in the *y* direction. The slab parameters and atomic positions were adjusted according to the calculated bulk Poisson's responses ([@R18]).

The formation (solution) energies of nitrogen atoms in the bulk Fe and the adsorption (binding) energies on the Fe (110) surface were described in the same manner$$\Delta E = E_{\text{total}} - E_{\text{Fe}} - 1/2E_{N2}$$where *E*~total~, *E*~Fe~, and *E*~N2~ are the total energies of the Fe systems (bulk or surface model) with a nitrogen atom, Fe systems, and molecular N~2~, respectively. The higher value of Δ*E* indicates easier segregation of the nitrogen atoms from the Fe system.

Since the Fe is compressed along the *z* axial direction, Poisson's ratio was calculated as follows:$$\nu = - d\varepsilon_{\text{trans}}/d\varepsilon_{\text{axial}} = - d\varepsilon_{x}/d\varepsilon_{z} = - d\varepsilon_{y}/d\varepsilon_{z}$$where ν is the resulting Poisson's ratio, ε~trans~ is the transverse strain (positive for the axial compression), and ε~axial~ is the axial strain (negative for the axial compression).
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